INTRODUCTION
Chronic cough is a multifactorial syndrome commonly presenting as cough hypersensitivity in adults [1, 2] . Intrinsically, cough is a physiological defense reflex for protecting the airways from aspiration, infection or irritation. However, cough becomes a disease when the reflex is dysregulated. Indeed, chronic cough is a cause of significant morbidity, particularly in terms of the quality of life and daily activity [3] .
Given the intrinsic function of cough reflex, the roles of environmental triggers are postulated in the pathogenesis of chronic cough. However, there is an unexpectedly large gap between chronic cough prevalence and air pollutant level. While the air pollution level is higher in Asia [4] , chronic cough is more prevalent in Europe and America [5] . The annual mean level of fine particulate matter with a diameter of 2.5 μg/m 3 or less (PM 2.5 ), an indicator for ambient air pollution, is high (≥25 μg/m 3 ) in many parts of Asia [4] , however, the prevalence of chronic cough is just less than half of that in Europe, America, and Oceania [5] In this review, we summarize the general evidence on the associations between chronic cough and environmental pollutants or irritant exposure, but with a particular focus on the long-term residual effects of (1) chronic persistent pollutant and irritant exposure and (2) acute high-intensity exposure on chronic cough, and we also reviewed (3) whether childhood irritant/pollutant exposure may increase the risk of chronic cough in adulthood. [11] . The latter [11] was the largest-scale longitudinal study utilizing a common standardized tool, i.e., Job Exposure Matrix, to assess the level of occupational exposure. However, none of these studies specifically examined any long-term 'residual' effects of such exposure.
LONG-TERM RESIDUAL EFFECTS OF CHRONIC REPEATED POLLUTANT/IRRITANT EXPOSURE ON CHRONIC COUGH
Practically, it is difficult to differentiate effects of a certain trigger from various irritants exposed over a long time period in a large population. Thus, effects of a specific exposure might be better seen in studies of a specific worker population. In a case-control study for effects of irritant fume exposure resulting from glass bottle manufacturing, the occupational exposure was associated with a higher prevalence of upper respiratory symptoms including cough and enhanced cough reflex sensitivity to citric acid and capsaicin inhalation challenge; however, it was not related to wheezing or methacholine airway hyper-responsiveness [12] . In a prospective cohort study of 694 copier toner handling workers, inhaled powdered toner exposure significantly increased the risk of chronic cough (OR, 2.26; 95% CI, 1.13-4.53), but not of chronic phlegm, breathlessness, pulmonary dysfunction or chest X-ray abnormality during the follow-up period (for up to 10 years) [13] . Long-term effects of certain occupational exposure on chronic cough were also reported in several working populations [14, 15] . However, the long-term remnant effects are still unknown.
Second, chronic air pollutant exposure effects have been examined in a few longitudinal studies. In a United States (US) longitudinal study of women (mean, 5.7-year follow-up), the prevalence of chronic bronchitis was associated with PM 10 [17] .
Third, cigarette smoking may have long-term consequences on cough. In the Scottish Heart Health Study, former heavy smokers (≥20 cigarettes/day) still had a higher rate of chronic cough than former light/moderate smokers (<20/day) and never smokers after 10 or more years of quitting cigarette smoking [18] . In a 13-year longitudinal study of adults in Cracow, Poland and Tucson, US, the incidence rate of chronic cough was reduced to approximately 73% in those who quit smoking compared to those who continued to smoke; however, the beneficial effects of smoking cessation was lower in patients with a heavy smoking history than in former light or moderate smokers [19] , and thus suggesting possible cumulative dose effects.
LONG-TERM RESIDUAL EFFECTS OF ACUTE HIGH-LEVEL EXPOSURE ON CHRONIC COUGH
Effects of acute high-level irritant exposure have been reported in studies regarding patients exposed to high respiratory irritants during disasters. During the World Trade Center (WTC) collapse caused by a terrorists' attack in 2001, many citizens and rescue workers were exposed to various inhaled irritants and pollutants. In the first 6 months after the WTC collapse exposure, many firefighters developed persistent cough, called as "WTC cough syndrome," and with a dose relationship to the exposure level [20] . This syndrome was found in 29.1% of the firefighters at baseline, but in 22.1% at follow-up (3-4 years later) [21] . During the first year, the most common lower respiratory symptom was frequent cough, reported by 54.2% of the firefighters, but the rate decreased to 15.7% during the fourth year [22] . In a 9-year, longitudinal follow-up study of 10,999 firefighters exposed to the WTC collapse, a serial pattern of symptom prevalence was examined and showed stabilization of the prevalence between years 5 and 9; approximately 9.5% of the exposed firefighters had a cough at year 9 [23] . The WTC cough syndrome differed, however, from common phenotypes of chronic cough. The majority of firefighters with WTC cough syndrome had upper airway symptoms such as nasal congestion, nasal drip and sore throat, gastroesophageal reflux disease (GERD), and lower airway symptoms such as dyspnea, wheeze, and chest discomfort [20] . Notably, 87% of these firefighters also had GERD. GERD may have resulted from dust-induced irritation of the gastroesophageal tract or from stress related to the terrorist attack and their diet, all of which facilitated the persistence of the airway irritation or inflammation. Other features were a reduction in lung function, i.e. reductions in forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV 1 ), but no change from the FEV 1 /FVC ratio determined before exposure, and air-trapping or bronchial wall thickening seen on chest radiography. Despite the normal FEV 1 /FVC ratios, airway obstruction was the predominant physiological abnormality. Bronchodilator response testing was positive in 63% of them and methacholine challenge testing in 24%. Radiographic evidence of parenchymal lung disease was uncommon, but air trapping was confirmed in many cases, suggesting that obstructive ventilator disturbances may be associated with WTC cough syndrome.
After a 6.4-magnitude earthquake in southern Taiwan in 2016, a survey was conducted for the incidence of respiratory symptoms in 519 firefighters who participated in the search and rescue during the 9-day field operation. Approximately 37% reported new or worsened respiratory symptoms even 3 weeks after the earthquake, and cough was the most frequent symptom (23%), followed by rhinorrhea or nasal congestion (22%) and chest tightness (6%) [24] . The mean duration of the exposure on site was 5.6 days, and the prevalence of symptoms was significantly associated with the self-reported degree of exposure to dust [24] .
These observations suggest a potential that acute, high-level exposure to irritants may increase the risk of persistent cough. The mechanisms by which acute, high-level exposure leads to chronic cough are not clear, but they may be similar to those of reactive airway dysfunction syndrome. Inhalation of irritants is likely to induce the release of reactive oxygen species by airway epithelium, and oxidative stress can cause epithelial damage following increased releases of neuropeptides from the neuronal terminals and leading to neurogenic inflammation with release of substance P and neurokinins [25] .
COULD CHILDHOOD EXPOSURE PREDISPOSE THE DEVELOPMENT OF CHRONIC COUGH IN ADULTHOOD?
Young children are supposed to be more vulnerable to environmental triggers due to the immaturity of their biological systems and higher air-intake per body weight compared to that of adults [26] . Therefore, it is postulated that exposure to an irritant/pollutant during early childhood may further increase the future risk of respiratory problems, including chronic cough.
In a study of 1,756 infants from the German part of the Traffic-Related Air Pollution on Childhood Asthma birth cohort study, the exposure to air pollutants during the first year of life was associated with cough without infection (at the age of 1 year) and dry cough at night (at ages of 1 and 2 years) [27] . In a survey of 11,860 children (aged 3 to 12 years) in Liaoning, a heavy industrial province in China, three air pollutant levels including total suspended particulates (TSP), sulfur dioxide (SO 2 ), and NO 2 were positively associated with risks of persistent cough (21%-28%), but not with persistent phlegm or current wheeze [28] . In a cohort study of children living in 6 cities in the US, the cough frequency was significantly correlated with the 24-hour mean concentrations of all 3 air pollutants, i.e., TSP, the sulfate fraction of TSP, and SO 2 , during the year preceding the examination [29] ; and in subgroup analyses restricted to lifetime residents in the cities, the respiratory outcomes were also significantly associated with the lifetime mean TSP concentration [29] . A study of 9,881 adolescents (aged 11 to 20 years) in Hong Kong reported a 4.7% increase in the prevalence of cough when the average 30-day exposure to PM 10 increased by 10 μg/m 3 [30] ; and the associations were also significant in nonsmokers and nonasthmatics [30] . In the Cincinnati Childhood Allergy and Air Pollution Study, a birth cohort study, traffic exhaust exposure showed a dose response with the risk of recurrent dry night cough during early childhood (at ages of 1, 2, and 3) [31] . Also, persistent cough was more common when these children were exposed to environmental tobacco smoke (ETS) at home and also when their home or classroom was close to the main road or a factory [28] .
However, there are very few studies regarding the long-term remnant effects of childhood airway irritant exposure on chronic cough during adulthood. In the Singapore Chinese Health Study, approximately 35,000 'never smokers' were followed up for a period of mean 5.8 years, and it was determined that living with a smoker before the age of 18 was 5/10 https://apallergy.org https://doi.org/10.5415/apallergy.2019.9.e16
Environmental triggers for cough significantly associated with a future risk of chronic dry cough (vs. no ETS exposure; OR, 2.1; 95% CI, 1.4-3.3) [32] . Notably, the OR was higher for those exposed during childhood only (OR, 4.03; 95% CI, 1.96-8.29) than for those exposed during adulthood only (OR, 1.57; 95% CI, 0.80-3.08) [32] . In a longitudinal follow-up study of 985 children in the WTC Health Registry who were exposed to the WTC collapse environment (aged 0 to 12 years at the exposure in 2001), respiratory symptoms, i.e., cough plus shortness of breath and/or wheeze, were present in 14.4% of them, as seen in 2007-2008. However, the prevalence of symptoms was greater in younger children aged 5-10 years at the time of exposure (OR, 2.2; 95% CI, 1.2-3.9) than in adolescents aged 11-17 years at the time of their exposure (OR, 1.7; 95% CI, 0.9-3.2) [33] .
EXPERIMENTAL EVIDENCE FOR ENVIRONMENTAL TRIGGERS FOR CHRONIC COUGH
Mechanisms by which environmental factors trigger chronic cough are not fully understood but may be partly inferred from experimental studies. Transient receptor potential channels are widely present in sensory nerve endings and may be relevant to environmental trigger effects. In particular, the transient receptor potential ankyrin-1 (TRPA1) channel may be important in irritant-induced cough, as it is activated by a wide range of irritants, including isothiocyanate, acrolein or cinnamaldehyde, all of which are preset in air pollutants and cigarette smoke and may sense cellular oxidative stress [34, 35] . Robinson et al. [36] have recently demonstrated a direct interaction between diesel exhaust particles and chemosensitive C-fivers in anesthetized guinea pigs and isolated human vagus nerve and which was mediated by TRPA1 and oxidative stress pathways.
Airway nerve density and sensory neuron functional or phenotypic profiles may change by interaction with allergens or viral infection [37, 38] , but the neural plasticity may also occur in response to air pollutants and irritant exposure. Exposure to cigarette smoke during the prenatal and early postnasal critical period induced airway hyper-reactivity and hyperinnervation of the airway sensory nerve in mice [39] . In guinea pigs exposed to cigarette smoke, the number of coughs evoked by capsaicin inhalation was significantly increased compared with those of the air-exposed controls [40] . ETS exposure over a period of time equivalent to human childhood in young guinea pigs induced recruiting substance P in vagal sensory afferent fibers and resulted in an augmentation of evoked synaptic transmission between the primary sensory fibers and second-order neurons in the nucleus tractus solitaries [41] . In a guinea pig experiment performed by Lv et al. [42] using PM 2.5 as the stimulant, a 3-week exposure to PM 2.5 upregulated the expression of TRPV1 in sensory neurons and enhanced cough reflex sensitivity to citric acid and which was dependent on the TRPV1 pathway.
Fang et al. [43] recently investigated the effects of traffic-related air pollution (TRAP) on cough response and airway inflammation. In nonallergic guinea pigs, the TRAP exposure (for 7 or 14 days) increased the cough frequency (measured in citric acid and allyl isothiocyanate challenge) and induced nonatopic but eosinophilic airway inflammation. Epithelial cytokine release such as interleukin-33 and thymic stromal lymphopoietin and subsequent induction of type 2 innate lymphoid cells were suggested as the potential mechanism. These findings also suggest the potential roles of air pollutant in the pathogenesis of eosinophilic bronchitis which is frequently nonatopic [43] .
CLINICAL IMPLICATIONS
As reviewed above, current epidemiological and experimental evidence indicates that environmental irritant or pollutant exposure may potentially trigger chronic cough. Thus, it is recommended to assess the type, intensity and duration of a specific exposure and also consider host factors such as patient age at the exposure or the comorbidity (Fig. 2) . Recent clinical practice guidelines recommend routine history taking of occupational and environmental triggers in adult patients presenting with chronic cough [7] . Associated clinical phenotypes are still unclear but likely to be dependent on the type and intensity of such exposure, which may include chronic bronchitis, eosinophilic bronchitis or hyperreactive airway obstructive diseases.
CONCLUSION
In this paper, we reviewed possible long-term or residual effects of environmental trigger exposure on chronic cough. There are significant associations between environmental pollutants, irritant exposure and chronic cough seen in cross-sectional studies. However, there are still few longitudinal studies to confirm the long-term residual effects. Available evidence suggests that both chronic persistent and acute high-intensity exposures may trigger chronic cough. It is still unclear whether early-life exposure to an environmental pollutant and irritant leads to chronic cough in adulthood, but a few longitudinal studies have suggested that this is also likely. Effects and mechanisms of airway irritant or pollutant exposure may be dependent on types and intensity of exposure, but may include neuronal changes, airway inflammation or airway hyper-reactivity. Given the major significance, further research is warranted in order to understand the long-term effects and mechanisms and prevent the adverse effects of environmental irritant and pollutant exposure on chronic cough. Several components -such as type, intensity and duration of exposure and host susceptibility (e.g., age at exposure and comorbidity) may be determinants for the incidence and phenotypes of chronic cough.
